Abstract: This study describes transient hydrogeological and geomechanical models realized jointly in 2006 by the Geolep office (Géologie de l'Ecole Polytechnique) of the Polytechnical School of Lausanne (EPFL) and GeoMod SA within the framework of the stabilization work of the La Frasse landslide (Vaud, Switzerland). These models evaluate the impact of a deep drainage gallery with subvertical drainage boreholes towards the surface in terms of reduction of the deformation velocities and increase of the landslide's factor of safety. The paper presents the effect of different pipe spacing of the drainage system. Considering the local heterogeneities, the results show that a mean spacing between the drainage boreholes of the order of 10 m is sufficient to control the temporal head fluctuations between the wells within a range of a few metres. Moreover, this solution induces a strong diminution of the predicted displacements during a specific crisis, from 101 cm for the model without drainage to around 14 cm for the drained model, and a significant gain of stability (from a factor of safety (FoS) of 1.05 to 1.30).
Introduction
This study carried out detailed work on the determination of local hydrology of the La Frasse landslide, situated in the Swiss Alps, to understand the extent of its slope instability. This landslide is well documented and it is thus a good case for using sophisticated hydrogeological models and defining the efficiency of a drainage gallery. Regarding the available data, in 2004 the technical association "NCG (representing S.A. Norbert and S.A. de Cérenville)+EPFL pour l'étude du glissement de la Frasse" provided a final unpublished report concerning the stabilization (NCG+EPFL 2006) . As this report is not accessible, key results are presented in the Ph.D. thesis work of Matti (2008) and in Tacher et al. (2005) .
In this study, transient hydrogeological and coupled hydromechanical modelling performed by "finite element flow modelling" (FEFLOW) hydrogeological software allows (i) the simulation of the behaviour of the La Frasse landslide mass during a period of accelerating displacements brought about by major precipitations and (ii) the evaluation of several remediation designs such as vertical boreholes equipped with pumps or drainage boreholes drilled from a gallery. The simulation period ranges from August 1993 to December 1995, which corresponds to a well-monitored episode of high precipitation inputs. Very unfavourable meteorological conditions are reported, with large amounts of precipitation over a relatively short period and a strong rise of the water table. For instanc,e in December 1994 and January 1995 a daily precipitation of up to 350 mm was recorded. Movements up to 3 m at the national road RC 705 (see Fig. 1 ), linking the town of Aigle to Le Sépey, were measured. The main results concerning the potential effect of a drainage system during this period presented in Tacher et al. (2005) showed that a drainage gallery reduces horizontal displacements down to 5% of the values modelled during the crisis without any remediation work. Spacings between the drainage boreholes limited to about 10 m were recommended. The previous models described in Tacher et al. (2005) considered basically the heterogeneous character of the slide, and due to the resolution of the finite element mesh, the simulated geological structures were significantly larger than in reality. Therefore, while the results only had a meaning at the scale of the slide (global scale), it was recommended, for the final design of the drainage gallery, to perform a second analysis at the scale of the drainage platform (local scale), to define the optimum spacing between the drainage boreholes and the hydrogeological-mechanical consequences.
The final decision for the design of a drainage gallery below the sliding surface of the landslide was taken by the cantonal authorities in 2005. In 2006, the Geolep/EPFL was appointed to carry out hydrogeological modelling in collaboration with GeoMod SA, which was in charge of the geomechanical aspects. In comparison with the simulations undertaken in Tacher et al. (2005) , the outline of the drainage gallery, the spatial distribution of the underground permeabilities with the integration of the geological variability, and the position of the substratum were adjusted, notably after new seismic tomography and radiomagnetotelluric surveys.
A key element of this study is the incorporation of the geological variability into the simulations, treated at the scale of a drainage work. As geological heterogeneity is generally recognized as a major factor in flow dynamics (Matti 2008) , the evaluation of the drainage system efficiency should incorporate the complexity of the media into the simulations. Classical stochastic methods (Gelhar 1993 ) are used to generate permeability data sets characteristic of the spatial distribution (correlation lengths) and statistics (mean values and variance) of measured field data (geophysics, well test, core logging).
This study presents the updated parameters considered in the calculation of the impact of the gallery project as well as the main results. These three-dimensional (3D) flow models evaluate the efficiency of the drainage gallery constructed below the sliding mass with the purpose of reducing the deformation velocities and increasing the factor of safety of the landslide.
It is important to note that this paper focuses on hydrogeological modelling and minimizes the mechanical (including movements) aspects, as one of the objectives is to show how to integrate hydrogeological modelling into the study of complex landslides, and to demonstrate the complementary nature of the method.
Study area
The La Frasse landslide is situated in the Préalpes Vaudoises on the right shore of the Grande-Eau River (Fig. 1b) , in la Vallée des Ormonts. It extends over a length of 2000 m oriented NW to SE with a width varying between 500 and 800 m. The total sliding surface is about 1 km 2 with a mean slope of 13°. Its maximum depth is 110 m in the central part, but the currently active slide extends down to depths of 40 and 80 m. The volume of the active mass is 42 million m 3 and the total landslide volume, including the more stable zone below the active mass (Fig. 2) , reaches 73 million m 3 (DUTI 1986 ). The slide is particularly active in its lower part. Concerning the sliding velocities, five main zones can be identified (as shown in Fig. 1 ): ++ zone, + zone, the central part (GGS zone, i.e., "Grand Glissement Supérieur"), the lobe Aigle, and the lobe Le Sé-pey. The average velocities recorded during a phase of high activity are, respectively, 40-60 cm/year, 15-30 cm/year, 10-15 cm/year, 5-10 cm/year, and 5-10 cm/year (Fig. 3) . At depth, numerous inclinometer readings confirm that most of the movements are concentrated on the main slip surface (NCG+EPFL 2004) .
Geological and hydrogeological settings

Geological context
The slide is mainly made up of the tertiary flysch à Helminthoïdes of the Simme nappe in the Nappes Supérieures s.l. (Lugeon et al.1922) . The flysch forming the main part of the La Frasse landslide, including the subsurface stratigraphy, is made of sandstones and clay schists with sandy blocks included in the mass. In addition, the slide has reworked a large amount of cretaceous siltstones and surface moraine fragments, thus forming a highly heterogeneous mass. Concerning subsurface morphology, most surfaces occupied by the slide are either dedicated to extensive agriculture or have forest cover, particularly in the highest part of the slide. Several rivers and torrents cross the slide in the humid zones, especially in the lowest zone. The La Frasse landslide is well known for its extremely complex structures, inherited from tectonic deformations. More information about the landslide's geology and structure may be in Lugeon et al. (1922) and Lutz et al. (1987) .
Hydrogeological context
Due to the high heterogeneity of the materials, the hydrogeology of the zone is very complex. Underground water flows correspond to an aquifer environment of discontinuous intergranular and fracture flow, with heterogeneous porosity distribution. Alternating shale and fine-grained siltstone beds limit regional groundwater circulations and form local interconnected aquicludes. Nevertheless, at a regional scale, the entire landslide mass can be considered as a single aquifer. Inside the slide, intense fracturing and overthrusting of the flysch mass enable rapid groundwater flow through open fracture networks.
In addition to direct surface infiltration, water enters the system from the lateral boundaries and probably locally also from the underlying Mesozoic units. Thus, boundary limits of the La Frasse landslide play a major role in the recharge process. In the surrounding Triassic rocks, karstified structures allow rapid flows and in some parts, interact with the aquifers of the slide (vertical flows). As shown in some boreholes, artesian inflows were met inside the mass, indicating that there is local recharge from the bedrock and that local excess of hydraulic pressures occurs not only at the main slip surface, but also inside the sliding mass. Hydraulic relations with the substratum are still not well defined, as there is no clear information about water inflows. Generally, the observations indicate that the underlying karstified substratum of Triassic and Malm limestones (see Fig. 1b ) is draining the water out of the slide. Due to the complexity of the general hydrogeology of this landslide, simplifications are adopted in the hydrogeological conceptual models (Tacher et al. 2005) : lateral and surface infiltrations are considered, while infiltrations from the underlying units are omitted.
Water table observation
The analysis of the different piezometric levels, recorded since 1982, at different locations indicates that the piezometric levels cannot be correlated well due to the extreme geological heterogeneity. In addition it shows that a borehole may cut through several equipotential surfaces. Under these conditions, each water level measure may represent a local isolated perched aquiclude.
At a regional scale the interpretation is very tricky or even impossible. In landslide aquifers, it is thus recommended to do local permeability profiles and to conduct continuous measurements of water levels in the boreholes to have a qual- itative indication of the permeability and of the spatial continuity of the medium.
Methods
Hydrodynamic modelling
The coupled hydromechanical modelling involves using FEFLOW software (Wasy AG 2004) to calculate the groundwater pressure field throughout the problem domain, which is then introduced at the slip surface at each time step into the geomechanical models (Z_Soil v6; Zace Services Ltd. 2007 ). Each of the hydrogeological models is built in three dimensions to represent both the vertical and lateral heterogeneity of the parameters and boundary conditions. The model extends over a surface of around 1 km 2 , and is composed of 54 192 six-noded triangular prism elements (96 283 nodes) distributed on 12 finite element slices (11 layers). The porewater pressure field is computed in a transient mode. FE-FLOW is based on the general 3D form of the governing differential equation for flow in heterogeneous isotropic media. The flow regime is saturated, which implies that the slide body is saturated up to the surface. Thus, suction above the water table (generally, 2-3 m deep) is not considered. The parameters (hydraulic conductivity, K, and specific storage, Ss) and boundary conditions are initially chosen based on the natural conditions. The physical parameters remain constant in time at steady state as well as in transient simulation (e.g., no temporal change of the permeability field). The groundwaterflow model is then calibrated with groundwater elevations collected from over 40 locations over 2 years (i.e., August 1993 to December 1995). Once the calibration is obtained, boundary conditions specific to the remediation scheme are added. For safety reasons, the parameters and boundary conditions are selected from a reasonable range of values, but towards more conservative values, so that the prediction of the efficiency of the remediation works considered would be likewise conservative. The simulation period, as well as the calibration period, is based on a well-documented event that occurred between August 1993 and December 1995 (i.e., 884 days) .
Heterogeneity characterization
Incorporating the geological heterogeneity in the numerical models is essential for the accuracy of the study. The evaluation of the efficiency of drainage configurations requires the main aspects of the structure of the flow domain to be integrated into the model. Depending on the connectivity of the hydrogeological system, local zones can stay under high hydraulic pressure while others are discharging. Connected permeable structures tend to decrease groundwater pressures. The use of geostatistical methods permits the representation of the spatial variability (Isaaks and Srivastava 1989) of the physical parameters. The variability of the local hydraulic conductivity K (m/s) is typically described as a random field with a given statistical distribution (often assumed to be lognormal) and a covariance function (Shvidler 1985; Fogg 1986; Dagan 1989; Gelhar 1993) . As the natural logarithm of the hydraulic conductivity (lnK) follows a stochastic process, it can be written as where F denotes the mean of lnK, which is constant in space, and f(x) is the perturbation (or the random part) of the mean. Note that lnK(x) is a dimensionless quantity (Gelhar 1993 
where x is the covariance, s 2 f is the variance of lnK, and l is the correlation scale.
In this study, the 3D hydraulic conductivity fields are generated using the Hydro_gen code (Bellin and Rubin 1996) . The transcription of the observed variability into statistical parameters (mean, m; variance s 2 ; correlation length, lx, y, z), is done using well-detailed log descriptions, pumping tests, and geophysical soundings (DUTI 1986) . Separate runs (separate function) are used for each material layer. The anisotropy is considered in the model, using different correlation lengths lx, y, z. During data generation, to respect the values observed locally, conditioning values are introduced. These generated fields are finally imported into the 3D finite element model FEFLOW. During the calibration steps, manual adjustments of the hydraulic conductivities are done.
Drainage gallery principle
The efficiency of the drainage gallery to lower pore-water pressures and stabilize unstable slopes has been widely documented in a number of case studies: Dutchman's Ridge in British Columbia (Canada) (Moore and Imrie 1995) , the Taren slide in the UK (Martin and Warren 1992) , Campo Valle Maggia in Switzerland , and the Pacific Palisades area in the USA (Krohn 1992) . Similarly, the decision was made to construct a 725 m long drainage adit in the bedrock below the La Frasse slide mass (Fig. 2) . Groundwater is drained from the unstable slope through a network of boreholes connected to a drainage gallery. This gallery is situated below the sliding surface, within the intact or stabilized material, to not be affected by the landslide movements. The vertical drainage boreholes drain the water naturally using gravity, thus avoiding the use of pumping systems. This configuration enables an optimal stabilization while the water from the shear surface is intercepted and evacuated. In addition, it is possible to add further drainage boreholes to increase the drainage effect.
The numerical simulation of this drainage gallery consists of adding boundary conditions representing the drainage boreholes to the model previously introduced (Fig. 4) . The drainage gallery is not represented in the model because it is situated outside the model boundaries. At each slice intercepted by a drainage borehole, a node is inserted with an assigned head boundary condition equal to atmospheric conditions, or effectively zero pressure.
A sensitivity analysis, carried out to estimate the optimum spacing between wells or drains, shows that 10 m spacing is able to control the temporal head fluctuations between the wells within a range of a few metres. This range increases quickly with the spacing, and 10 m is thus considered as the most favourable mean value. In practice, wells or drains will have a larger spacing during the first construction stage and others will be added depending on the encountered in situ conditions. In this study three variants are considered:
1. 32 drainage boreholes with a mean spacing of 15 m. 2. 16 drainage boreholes with a mean spacing of 30 m. 3. 8 drainage boreholes with a mean spacing of 60 m.
Hydromechanical modelling
The geometry, physical parameters, and constitutive laws used in the present model are identical to the hydromechanical coupled models developed for the La Frasse global model in [2002] [2003] , except for the hydraulic permeabilities used and the bedrock geometry. The theoretical framework for these earlier models is discussed in Tacher et al. (2005) and Commend et al. (2004) . The finite element geomechanical calculation is carried out with Z_Soil v6 (Zace Services Ltd. 2007). A 30 000 element FE mesh distributed on nine layers is used to perform the coupled hydromechanical analyses (discussed later in this paper); i.e., the sliding mass (layers 1 to 6), the stabilized mass (layers 7 and 8), and the bedrock (layer 9). The following three types of constitutive models of increasing complexity are retained:
1. An elastic -perfectly plastic Drucker-Prager model for the stable grounds located outside the sliding surface (layers 1-5 above sliding surface). 2. A Drucker-Prager model (Drucker and Prager 1952) with an intermediate adjustment on a Mohr-Coulomb criterion (defined by a cohesion factor and an internal friction angle) for the active and the old stabilized mass. 3. A plastic model with hardening (Drucker-Prager with Cap model (Chen and Baladi 1985) ) at the sliding surface (layer 6). These models are used to simulate the elastoplastic constitutive behaviour of the material. To conserve the mass and momentum of the fluid and solid phases in a two-phase saturated medium, interactions between the pore-water pressures and the mechanical behaviour of the solid skeleton (i.e., model movements and mesh deformation) may be obtained with a Biot-type mathematical formulation (Biot 1956 ). Pore-water pressure boundary conditions are interpolated from the hydrogeological model. The bedrock located under the flysch is considered fixed.
The choice of a more advanced model on the level of the sliding surface is justified by the dominating influence of this surface on the behaviour of the landslide and in addition by good knowledge of the parameters on this level ( Table 1) . Note that locally, in particular in the downslope part of the zone "+", where the ground surface is very important, it was necessary to apply elastic laws for materials to avoid very local surface numerical instabilities.
Factor of safety
The factor of safety, FoS, of a slope results from comparing the downslope shear stress with the shear strength of the soil, along an assumed or known rupture surface. The computed value of the FoS represents the ratio of resisting forces to driving forces. If the FoS is less than or equal to 1 (i.e., FoS ≤1), the slope is expected to fail. If FoS is significantly greater than 1, the slope is considered to be stable. However if FoS is only slightly greater than 1, small disturbances may cause the slope to fail and heavy rain or seismic shaking, for example, may cause it to fail easily. However, from a physical point of view, it is better to visualize slopes existing in one of the following three stages: stable, marginally stable, and actively unstable. The three stability stages must be seen to be part of a continuum, with the probability of failure being minute at the stable end of the spectrum (FoS > 1.3), but increasing through the marginally stable range (1 < FoS < 1.3) to reach certainty in the actively unstable stage (FoS < 1) (Popescu 2001) .
In the case of the La Frasse landslide, regional hydrogeological and geomorphological conditions (slope, degree of saturation, downhill river erosion, etc) tend to place the slope in a marginally stable state, susceptible to movement, without actually initiating it. The slope is thus highly sensitive to fastchanging processes (e.g., earthquake, drawdown, hydrological changes) that will initiate the movement, shifting the slope from a marginally stable to an actively unstable state. Therefore, landslides such as the La Frasse case often have a very low FoS (1.05 or so), indicating a pseudo-equilibrium state.
Determination of factor of safety (FoS)
In the numerical models of La Frasse, the shear strengths reduction method is applied and is based on the assumption that nonconvergence in the model corresponds to failure (Dawson et al. 1999) . Thus, the factor of safety (FoS) can be evaluated in the following way: first the calculation is carried out until the end of the first crisis, end of January to beginning of February 1994, over a period of approximately 200 days. Then, by keeping the pore-water pressures constant, the cohesion (c) and the tangent of the internal friction angle (tg 4) are reduced by stepwise increasing the FoS (1.05,1.10,1.15, etc.). Gradually, a mechanism is identified in the slide until the equilibrium options do not allow any more convergence of the calculations. The required FoS corresponds to the largest divider of c and tg 4 for which the model manages to find a state of equilibrium. Beyond, the failure occurs. The detected mechanism of rupture may sometimes correspond to a local instability, and the calculated FoS is then lower than that of the entire landslide. However, this approach makes it possible to detect in a qualitative way the least-resistant zones.
Hydrogeological model description
Boundary and initial conditions
The major difficulty in assessing boundary conditions is the evaluation of infiltration conditions and rates. Although groundwater is recognized to be the cause of the sliding, there is no clear relationship between the acceleration phases and either gross rainfall or net infiltration computed by simple equations (see Fig. 3 ). The infiltration dynamics to be reproduced have to take into account the capacitive as well as the conductive function of the flysch bedrock, in which the landslide developed. On the one hand, the fractured flysch layers are able to quickly transfer an infiltration event to the sliding mass. On the other hand, the flysch, also made of low permeability rocks, stores and smoothes out earlier events.
Only the most important throughflow events contribute to an increase of pore pressures; past events intervene in the present behaviour. The long-term component (i.e., most important throughflow events) is therefore dominant. The slide is thus affected by deeper groundwater flow rather than by direct infiltration from the surface.
To reproduce this dynamic, the COUP model (Jansson and Karlberg 2001) was deemed preferable. Owing to accurate infiltration computation, it enables weighting of the infiltration rates up to 2 years before the day of calculation. Indeed, the hydraulic balance of the system shows that about one-third of the inflow is supplied by superficial infiltration along the borders of the landslide.
The boundary conditions for the hydrodynamic modelling are distributed as follows and summarized in Fig. 5: • On the surface, flux represents the direct infiltration, changing daily and computed according to the weighting process discussed above. In the model, the surface water table is free.
• First-kind boundary conditions (Dirichtlet type) are imposed on the upper and lower limits. Head conditions on the upper limit correspond to water level varying in time for piezometer LF1 adjusted to FR4 (see Fig. 1 ). The lower limit corresponding to the outlet of the model is characterized by the La Grande-Eau River. Head values corresponding to the elevation of the river bed are assigned, i. e., zero pressure values. Heads along the Grande Eau are assigned to slices 1 to 10 as a function of depth (Fig. 5) . Stopping the head boundary conditions at layer 9 along the Grande-Eau is arbitrary and leads to a satisfactory calibration of the model. However, the model results are very sensitive to this, as varying the head boundary conditions more or less serves to open up the main outlet of the system. Concerning the surface springs, field observations have shown that in the active part (zone ++) of the landslide, they seldom occur and present very low water flow rates. As well, several numerical tests have shown that they may be omitted.
• Second-kind boundary conditions (Neumann type) are imposed on the lateral limits in form of flux conditions varying in time according to the weighting process described in Tacher et al. (2005) . These conditions extend across the entire model thickness. The initial conditions come from steady-state computations at time 0 (i.e., 1 August 1993).
Physical parameters distribution
Hydraulic conductivity K and model calibration Geological data reported from over 80 borehole core investigations and two drainage galleries show a high variability between boreholes spaced some 10 m apart, indicating that the maximum width of the permeable geological bodies or fractures is 10 m, but may be even less. The permeability values calculated from Lefranc tests indicate an overall low shale matrix permeability of approximately 1 × 10 -7 m/s, with locally intercalated high-permeability structures (>1 × 10 -3 m/s).
The statistical data used for the field data generation in Hydro_Gen are summarized in Fig. 6 . The mean and variance of the hydraulic conductivities are equal to -4.69 and 1.08 (logarithmic values), respectively. Therefore the hydraulic conductivities, K (m/s), introduced in the hydrogeological model range from 9 × 10 -8 to 1 × 10 -4 m/s, with a mean value around 4 × 10 -6 m/s (variance = 2.56 × 10 -11 m/s).
Radiomagnetotelluric surveys (RMT) were performed at three different locations to have a significant spatial distribution (see Matti 2008) . The frequencies used (183, 77.5, and 18.3 kHz) allowed investigation of the slide up to 40 m in depth. From the measured apparent resistivities, three analyses are performed; apparent resistivity mapping, descriptive statistics, and geostatistical spatial exploratory analyses. The analyses of the modelled variograms enable the spatial structure to be characterized statistically. The statistical structure analysis describes the central tendency and variability. The exploratory spatial analysis permits the identification of structures in the data sets with variogram models, characterizing the spatial continuity (i.e., correlation lengths) or roughness of the dataset. The analysis of the geostatistical structure follows the common procedure: generation of an experimental variogram, the fitting, and finally the interpretation of the modelled variograms. The exploration is made perpendicular and parallel to the sliding direction. This detailed geostatistical analysis enables the definition of appropriate correlation lengths: maximal spatial continuities of 50 m parallel to the sliding direction (correlation length lx) and 10 m perpendicular (ly), compatible with the observations (DUTI 1986) . The pumping test carried out in 2003 showed hydraulic connections between wells reaching 100 m locally. A vertical correlation length (lz) of 2 m is determined on the basis of mean thicknesses of the permeable bodies (gravel and sand) revealed by the core-logging survey (Matti 2008) . To respect the in situ measured hydraulic conductivities, conditioning data are imposed during the data generation (Fig. 6) . The generated field data are compatible with measured parameters for flysch. The removed flysch matrix of the La Frasse landslide has a very low global hydraulic conductivity (1 × 10 -6 to 1 × 10 -7 m/s). The high permeable intercalations in the mass locally have a very high value (1 × 10 -3 m/s).
Finally, during the modelling calibration steps, some adjustments are made. The target calibrations correspond to the hydrogeological observations, mainly the piezometric levels behaviour, during the period of simulation from August 1993 until December 1995, corresponding to the well-monitored crisis episode. Permeability, k, and specific storage, Ss, coefficients and boundary conditions are initially tuned according to natural conditions. To calculate the imbalances reported in Tacher et al. (2005) , and to match the calculated piezometric variations with the observed ones, during the model calibration the global hydraulic conductivity values are divided by a factor of 10. In fact, the generated param-eters are overestimated, taking into account preferentially the high hydraulic conductivity values, and thus the resulting calculated hydraulic pressures are too low. Some structures, representing a coarser system of channels, are added along the slipping surface to match the calculated and measured hydraulic heads. This schematization, imposed by the calibration of the model, does not underestimate the connectivity of the real structures. These permeable channels are interrupted before their exit at the lower boundary (Grande-Eau River) to avoid a too-fast emptying of the hydrogeological system. This configuration allows a fast balancing of pressures (transfer time) in the channels rather than a fast velocity field (transit time). These layers at the bottom of the sliding mass were recognized in "Détection et utilisation des terrains instables" (DUTI 1986) as being particularly heterogeneous. Figure 7 reports the three hydraulic conductivity distributions used for the 12 layers (11 slices): layers 1 to 7 represent the active landslide, layers 8 and 9 (i.e., slice 8) the zones coinciding with the slip surface, and layers 10 to 12 represent the stabilized landslide (slices 9 to 11). With regards to these assigned hydraulic conductivities, layers 1 to 7 and 10 conform to the 3D generated field values. Layers 8 and 9 (i.e., sliding surface area) incorporate a system of channelized structures as discussed previously. Layers 10 and 11 represent the stabilized slide, and are constituted of flysch sediments, the "Couches Rouges" unit, and moraines, which are very heterogeneous. No data concerning these zones are available, and so statistical data equal to the sliding mass (layers 1 to 9) were attributed. Layer 11 includes the alluvium zone due to the Grande-Eau River along its lower boundary. An accurate estimation of the K value is very important for this zone. Being in the lower part of the slide, and in contact with the boundary conditions representing the GrandeEau River, it plays the role of a water gate, regulating the in and out flows. A slug test in LF10 (see Fig. 1a ) indicated a K value of 5.5 × 10 -5 m/s, but was reduced to 1 × 10 -4 m/s after field observations, indicating that this value was certainly underestimated. In fact, the test was done in the upper strata of the slide, in very impermeable and not very representative layers. Note that all these values have been evaluated on the basis of test results and engineering-geological judgment evaluation.
Once this calibration is obtained, boundary conditions specific to the drainage gallery scheme are added.
Compressibility Ss
In the transient regime, compressibility governs the amplitude and velocity of the response of the model with respect to the variations in infiltration. The interpretation of pumping tests by means of analytical and numerical techniques suggests that except at the top of the aquifer (i.e., free surface water), the water present in the geological heterogeneities is captive. The storage coefficient (Ss) is determined by numerical simulation. A starting value is defined using the Theis method during an increase at well Z112 -a unique piezometer that is able to deal with this case -since it shows a traditional increasing curve. Its interpretation, according to Theis method, gives an Ss value = 1 × 10 -3 (m -1 ) that in the meantime is overestimated due to the global increase of the aquifer water levels, which reduces the results. Then, several modelling attempts starting from this value show that the specific coefficient of storage (Ss) enabling the reproduction of the test as well as possible was around 1 × 10 -4 (m -1 ). The numerous simulations pointed out that it is not possible to have an optimal calibration for each piezometer with the same specific storage coefficient (Ss) -certain piezometers showed a better calibration with Ss = 1 × 10 -3 (m -1 ) while for others, Ss = 1 × 10 -4 (m -1 ) gave better results. Moreover, these results indicate that due to geological heterogeneity the specific storage coefficient (Ss) probably varies locally and spatially. The numerical method gives satisfactory results. Contrary to analytical solutions, simplifying assumptions need not be made and the problem can be considered threedimensionally, including specificities of the geometry and possible boundary conditions effects. Therefore, the best specific storage coefficient, Ss, reported from calibration, namely 1 × 10 -4 (m -1 ), characterizes an aquifer confined locally and expresses a fast response of the pressure field to temporal variations of the boundary conditions.
Hydromechanical model description
Concerning the hydromechanical (HM) modelling, an initial state of stress induced by the soil weight under gravitational forces is first computed. The initial hydraulic conditions correspond to those induced by the groundwater table. The groundwater pressures resulting from the hydrogeological simulation are introduced as nodal boundary conditions in the geomechanical model. They vary over time at the edge of all layers of the model, except the first one, and therefore induce displacements.
Geomechanical parameter distribution
The geomechanical parameters based on a series of laboratory and in situ tests are summarized in Table 1 . On the basis of the geotechnical investigations, it was decided to consider that all soil layers apart from the slip surface (layer located between 35 and 45 m depth in the lower part of the slide) would follow a Drucker-Prager law. The behaviour of the slip surface was carefully considered and two elastoplastic constitutive models have been adopted: the Drucker-Prager and Caps models as discussed previously. To calibrate the model parameters, laboratory tests including drained and undrained triaxial tests were carried out on the samples obtained from two additional boreholes drilled in 2002. In Tacher et al. (2005) the numerical simulations of triaxial tests compared with the experimental results are presented. The material parameters obtained at the laboratory scale (triaxial examples) are intended to be representative of the material behaviour at the in situ scale.
Results
The results of the water balances of the hydrodynamic models with and without drainage are presented in Table 2 . Figure 8 presents the computed hydraulic heads and pressures along two sections: (a) along the drainage gallery layout and (b) north-south across the entire model. All observations are made at the sliding surface (layer 9 in the hydrodynamic model). Figure 9 presents the computed displacements at the end of the crisis with and without drainage, with results for the latter being shown for the three variants in the drainage system design. Finally, the first figure cited in the section titled "Influence of drainage on the displacements and factor of safety (FoS)" presents the computed factor of security (FoS).
Without drainage gallery
In transient modelling the inflows are not necessarily equal to the outflows. The difference (water balance, see Table 2 ) comes from the storage capacity of the aquifer. The global hydraulic budget shows that the peaks of outgoing flow in the Grande-Eau River occur only a few days after the peaks of inflow. More than one-third (43%) of the inflow results from surface infiltration, the remainder from the borders of the slide. This proportion clearly inverts during important precipitation periods or snow melting. During these periods, the hydraulic budget is more chaotic because the buffer effect of the flysch substratum is dominated by the unsmoothed surface infiltration signal. The water balance is principally negative (outflows exceed inflows) and globally reaches around 3800 m 3 /day. This tendency equally inverts during important precipitation periods, showing the importance of surface infiltration in the dynamic of the model.
The modelling results for the period of 884 days show that, in accordance with observations (Norbert and de Céren-ville 1999) , daily hydraulic heads vary with time from a few metres in the upper part of the landslide to some tens of metres downslope. The computed hydraulic heads along the sliding surface (Fig. 8, plot III) decrease regularly from top (1100 m) to bottom (850 m) of the slide, as constrained by the slope gradient (17°). The calculated hydraulic pressures show values from 200 to 600 kPa. Along where the drainage works (Fig. 2) are to be inserted, hydraulic heads are around 1000 m, and the computed hydraulic pressures are distributed around 400 kPa (Fig. 8, plots I and II) .
The computed displacement fields in Fig. 9A show a maximum displacement of 101 cm (August 1993 until December 1995 , which is in order with the measured magnitudes of in situ displacements (2.04 m) at the national road RC 705 linking Aigle to Le Sépey. The comparison between computed and observed values shows a good agreement qualitatively, although quantitatively the models underestimate the in situ displacements by a factor of two. The continuous nature of the model, in which no sliding interfaces are explicitly introduced into the mesh, may explain this. Despite this, the spatial displacements of the landslide are reproduced to a satisfactory degree to allow for estimates of the influence of the drainage gallery works to proceed. For this reason the mechanical aspects (including displacements) are minimized in this paper. Nevertheless, it enables the discussion of changes in factor of safety. The factor of safety evaluated at the end of the crisis, using a shear strength reduction approach, in which the cohesion and the tangent of the internal soil friction angle are progressively decreased until failure (i.e., nonconvergence) is reached, gives a reference value of 1.05.
With drainage gallery
Influence of drainage on the hydraulic heads and pressures
Regarding the water budget (Table 2) , it can be observed that the global water balance increases as soon as the new boundary conditions representing the drainage boreholes are introduced. As the water balance is solved by considering the boundary conditions (head boundaries in this case), the system tends to compensate the virtual "losses" from this imposed drainage system. Functions of the number of drainage boreholes are introduced (8, 16 or 32) . The water budget increases from 3770.1 to 4623.4 m 3 /day (+19%) as a function of the number of drainage boreholes introduced (8, 16 or 32) . From a hydrogeological point of view these values represent an aberration. The model tends to overestimate the in-outflows where the heads are fixed to maintain the imposed heads (i.e., at the upper limit boundary and drainage boreholes). Figure 10 illustrates this phenomenon; the addition of new boundary conditions (scheme 2) modifies the hydraulic gradient i (i 2 > > i 1 ). In the numerical models, the results are highly sensitive to boundary conditions even when in reality the hydraulic gradients at the limits do not change. In terms of discharge, the contribution of the drainage boreholes in the outflows can seem significant (38.3% to 46.7%). Due to the geometry and mesh dimension of the model, the simulated drainage adit presents an important hydraulic sink caused by the numerous nodes, to which a head boundary condition is assigned to represent the drainage boreholes (see Fig. 4 ). The differences between variant 1 and variant 3 in terms of evacuated discharges by the drainage boreholes is low, around 550 m 3 /day (21%), which is insignificant in comparison to the global discharges. In spite of this, i.e., excluding this effect in terms of discharge, what is important is the relatively low difference in hydraulic head and pressure distributions existing between the three variants. In fact, the design objective is not to construct a hydraulic barrier that intercepts the entire water flow, but to simply reduce the hydraulic pressures (see Figs. 8 and 9) . In this respect, the design objective would be met. In terms of hydraulic heads and pressures, the efficiency of the different variants is illustrated in Figs. 8 and 11 . The results show that a mean spacing of the order of 15 m between the drainage boreholes is capable of reducing the hydraulic heads by around 36 m along the drainage works at the sliding surface, intercepting around 46% of the hydraulic fluxes from within the sliding mass. The two variants that increase the drainage borehole spacing to 30 m and then to 60 m indicate hydraulic head lowering of 34 and 30 m, respec- tively. Across the slide, the profile of the hydraulic head indicates a maximum lowering of 53, 48, and 40 m for variants 1, 2, and 3, respectively. The hydraulic head fluctuations are more significant for large interdrainage borehole spacing. Contrary to variant 3, variants 1 and 2 permit the draining (i.e., negative hydraulic pressures) of the material above the drainage works. In variant 3, high pressures (>100 KPa) still remain.
Finally, the results after drainage (variants 1, 2, and 3) indicate a correlation between the fluctuations of the drained discharge and the infiltration rates (Fig. 12) . The intensity of these fluctuations is in the meantime very low. The drainage boreholes seem to maintain a constant mean discharge regardless of the infiltration rates. The relationship between infiltration and drained water is important, however, from the moment where the principal causes of sliding are directly attributable to surface infiltrations.
Influence of drainage on the displacements and factor of safety ðFoSÞ
The efficiency of a drainage gallery can be evaluated in terms of displacements (Fig. 13) . The presence of the drainage gallery induces a strong decrease in the predicted displacements (from 101 cm for the model without drainage to around 15-20 cm for the drained models; i.e., variants 1, 2, and 3). The influence of the drainage borehole spacing on the maximum predicted horizontal displacements is very low (14 cm for variant 1 and 19 cm for variant 3). In the meantime, only a spacing of 15 m enables a significant gain in FoS. Variant 1 indicates FoS = 1.30, whereas the two other variants return FoS = 1.15. This is a significant improvement on the value of 1.05 obtained without drainage. In summary, the model results suggest that the drainage works would enable a reduction of about 85% in terms of maximum displacements. However, concerning the change in the displacement pattern, the results in Fig. 9 seem to suggest that some instability may still be expected at the foot of the slide, although these are an order of magnitude less than the case without drainage. Also, it seems that in the drained cases, the upper part of the slide is activated even when accounting for the difference in contouring intervals between the before and after drainage cases. A plausible explanation may be found in the reorganization of the water fluxes after the introduction of new boundary conditions, i.e., imposed boundary heads simulating the drainage system. This reorganization of the flows may generate new water pressure distributions, creating in some places displacement activation.
There should be some discussion on the factor of safety (FoS). Note that normally, for elastoplastic or rigid-plastic materials, a constant FoS larger than 1.0 implies no movement at all with time whereas FoS smaller than 1.0 implies failure, thus infinite movements. The reality in active landslides is different and at a calculated factor of safety, the soil mass moves at a given rate, and the rate of movement increases when the calculated FoS decreases. In other words, it is not an on-off system. Vulliet (1986) has examined this aspect and concluded that strength (friction angle) is strain-rate dependant. This has been confirmed since that time (see Leroueil 2001) . In this case, the FoS should remain equal to 1.0, but the strength increases as the rate of movement increases, maintaining a relative equilibrium.
Discussions
The results obtained prove that a well-designed drainage scheme may provide a substantial stabilizing effect during a crisis, although this may require drainage holes being spaced as closely as a maximum of 15 m apart. In addition, in particular for high heterogeneity conditions and with complex hydraulic relations, the remediation design has to be able to intercept both the water from the sliding surface and the waters in the whole mass. In this context, the models cannot in principle define the exact location of the pipes, but enable the establishment of the mean spacing that should be adopted as a function of the local geological conditions encountered during the execution.
In the case of drainage systems, a sustainable remediation solution must drawdown and stabilize hydraulic heads over the whole thickness of the system. This study has demonstrated that the efficiency of this type of work is closely linked to the geological and hydrogeological characteristics of the medium, as spatial connectivity of the geological structures drains and controls the hydrological equilibrium of the system. Therefore landslide remediation done thanks to a deep drainage gallery should support and enhance this natural effect. Dimensioning implies the full knowledge of the hydrogeological conditions, for instance, if the aquifer is globally captive (small specific storage coefficient), wells or drains will have fast and long distance effects on the heads. However, drawdown and hydraulic variations may be observable at a distance of several hundreds of metres. In that sense, the captive nature of the aquifer, due to its high heterogeneity, is an aggravating factor because head fluctuations are higher and faster; but on the other hand, gives a much larger radius of influence to remediation wells or drains. The dimensioning is thus influenced by the assumed initial conditions; the effects of drains can be overestimated according to the results obtained considering the observed variably saturated initial conditions. Finally, drainage is a principal physical measure used in mitigation of landslides because it is an economical and efficient way to alleviate positive pore-water pressures that promote slope failure. Nevertheless, drainage systems are usually designed from practical experience, and the real effect of this mitigation system on slope stability is seldom quantified.
In any case, the construction of a drainage gallery represents a major undertaking, both financially as well as technically. The geological conditions are often very complicated (variable bedrocks, tectonized, loose material) from which long ascending drainage boreholes must be drilled through the unstable and loose material. The geotechnical parameters of this material, being strongly heterogeneous, will be variable in space. In the meantime, the drainage gallery solution represents an increased stabilization efficiency, as demonstrated in this paper, with technical advantages, despite the high costs, over classical drainage systems developed from surface-using platforms. These technical advantages include
• Absence of operating and maintenance costs due to drainage by gravity.
• The risk of shearing of the drainage works limited to only the drainage boreholes, not the main drainage gallery.
• The option to add complementary drainage boreholes if necessary, without an intervention from the surface (i.e., facilitated procedure, absence of impacts, etc.).
• The option to extend the drainage gallery with a minimum of surface interventions, although this may necessitate the construction of air shafts.
• The guarantee, in case of a major reactivation of the slide (even locally), to preserve the main work (drainage gallery) enabling the drainage system (drainage boreholes) to be quickly re-drilled without difficulties (although drilling of the boreholes in the weak slide material in itself may be difficult). For a surface-based drainage system, such a reactivation could destroy the entire system. • The artificial increase of the connectivity of the heterogeneities in the slide mass as well in the stabilized mass.
• The drainage of the bedrock in case of an exceptional increase in water pressures that may activate the lower more stable part of the slide. 
